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Negative experiences are quickly learned and long remembered. Key unresolved issues in the field of emotional memory include identi-
fying the loci and dynamics of memory storage and retrieval. The present study examined neural activity in the higher-order auditory
cortex Te2 and basolateral amygdala (BLA) and their crosstalk during the recall of recent and remote fear memories. To this end, we
obtained local field potentials and multiunit activity recordings in Te2 and BLA of rats that underwent recall at 24 h and 30 d after the
association of an acoustic conditioned (CS, tone) and an aversive unconditioned stimulus (US, electric shock). Herewe show that, during
the recall of remote auditory threatmemories in rats, the activity of the Te2 and BLA is highly synchronized in the theta frequency range.
This functional connectivity stems from memory consolidation processes because it is present during remote, but not recent, memory
retrieval. Moreover, the observed increase in synchrony is cue and region specific. A preponderant Te2-to-BLA directionality character-
izes this dialogue, and the percentage of time Te2 theta leads the BLA during remote memory recall correlates with a faster latency to
freeze to the auditory conditioned stimulus. The blockade of this information transfer via Te2 inhibition with muscimol prevents any
retrieval-evoked neuronal activity in the BLA and animals are unable to retrieve remotememories.We conclude thatmemories stored in
higher-order sensory cortices drive BLA activity when distinguishing between learned threatening and neutral stimuli.
Key words: auditory cortex; basolateral amygdala; fear memory; memory consolidation; remote memory; theta activity
Introduction
Emotional responses can be elicited by sensory cues that have
acquired an affective valence through their association with re-
warding or aversive experiences. Memories of emotional experi-
ences are studied using classical Pavlovian conditioning, a
procedure in which the subject is exposed to a conditioned stim-
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Significance Statement
How and where in the brain do we store the affective/motivational significance of sensory stimuli acquired through life experi-
ences? Scientists have long investigated how “limbic” structures, such as the amygdala, process affective stimuli. Here we show
that retrieval of well-established threat memories requires the functional interplay between higher-order components of the
auditory cortex and the amygdala via synchrony in the theta range. This functional connectivity is a result of memory consolida-
tion processes and is characterized by a predominant cortical to amygdala direction of information transfer. This connectivity is
predictive of the animals’ ability to recognize auditory stimuli as aversive. In the absence of this necessary cortical activity, the
amygdala is unable to distinguish between frightening and neutral stimuli.
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ulus (CS), such as a tone, in association with an unconditioned
stimulus (US), typically a footshock. Following pairing, the CS
takes on the affective qualities of the US and it will later, in ab-
sence of the US, evoke conditioned emotional responses. Despite
a large number of studies, the neural network that stores and
retrieves the association between sensory stimuli and the affec-
tive/motivational meaning is poorly understood. The amygdala,
and particularly its basolateral nuclei (BLA), is necessary for the
formation (Miserendino et al., 1990; Wilensky et al., 1999), con-
solidation (Sacchetti et al., 1999; Schafe and LeDoux, 2000), and
long-term storage and retrieval (Gale et al., 2004; Schafe et al.,
2005) of fearful memories. On the other hand, recent findings
indicated that the neural circuits mediating fearful memories
change with time (Sacco and Sacchetti, 2010; Do-Monte et al.,
2015). In particular, we found that higher-order sensory cortices,
such as the secondary auditory cortex Te2, are essential during
the retrieval of remote (30 d), but not recent (24 h) fearful mem-
ories (Sacco and Sacchetti, 2010). More recently, it has also been
reported that the thalamic pathway to the amygdala is differen-
tially recruited by fear memory retrieval over time (Do-Monte et
al., 2015).
Higher-order sensory cortices are reciprocally connected with
BLA (McDonald and Jackson, 1987; Kolb and Tees, 1990; Ro-
manski and LeDoux, 1993) and perform high level processing
related to complex features of perceived stimuli (Kolb and Tees,
1990), whereas the BLA processes the affective/motivational at-
tributes of emotional experiences (LeDoux, 2000; McGaugh,
2015). Thus, these structures may dynamically interact as a net-
work to permanently store and retrieve fearful memories. Here
we addressed this issue by investigating if and how Te2 and
BLA interact in the course of fearful memory retrieval and
which functional role can be played by such a connectivity in
memory processes.
Materials andMethods
Subjects. Male Wistar rats (age, 65– 80 d; weight, 250 –350 g) were used.
The animals were housed in plastic cages with food and water available ad
libitum, under a 12 h light/dark cycle (lights on at 7:00 A.M.) at a constant
temperature of 22 1°C. All experiments were conducted in accordance
with the European Communities Council Directive of 24 November
1986 (86/609/EEC) and approved by the Italian Ministry of Health
(Authorization 265/2011) and by the Local Bioethical Committee of the
University of Turin.
Fear conditioning paradigm: fear memory acquisition. A Skinner box
module was used as a conditioning chamber as in previous work (Sacco
and Sacchetti, 2010). The floor was made of stainless steel rods (1 cm in
diameter, spaced 5 cm apart) connected to a shock delivery apparatus.
The apparatus was enclosed within a sound attenuating chamber. Once
inside, the animals were left undisturbed for 2 min. After this time, a
series of sensory stimuli acting as CSs were administered. The last 1 s of
each CS was paired with a US consisting of a scrambled electric foot shock
(intensity, 0.7 mA). Rats were left in the chamber for an additional 1 min
and then returned to the home cage. In the fear conditioning to acoustic
stimuli, seven pure tones (8 s, 78 dB, 3000 Hz, 22 s intertrial interval)
were delivered as CSs by a loudspeaker located 20 cm above the grid floor.
In olfactory fear conditioning, seven almond odors (12 s, 48 s intertrial
interval) were presented using a flow-dilution olfactomer. Clean air (1.5
l/min) was directed to a solenoid valve that, when operated, passed the air
to a 15 ml bottle containing 10 ml of almond odor. Odorized air was then
directed to the conditioning chamber via 1⁄4 in. Tygon tubing. In the
unpaired fear conditioning, seven pure tones (8 s, 78 dB, 3000 Hz, 22 s
intertrial interval) were delivered as CSs by a loudspeaker located 20 cm
above the floor in a plastic box. Three hours later, animals were put in the
conditioning chamber (see above) where 7 shocks (1 s, intensity, 0.7 mA)
were delivered after 2 min every 30 s (Zhu et al., 2011).
Fear memory retention. The animals were handled for 4 d (5 min per
day) before memory retention. Memory was tested in a totally different
apparatus located in a separate experimental room to avoid conditioned
fear behavior to contextual cues (Sacco and Sacchetti, 2010). The appa-
ratus was a plastic cage with the floor and the sides made of transparent
plastic and enclosed within a sound attenuating chamber equipped with
an exhaust fan, which eliminated odorized air from the enclosure and
provided background noise of 60 dB. Once inside, the subject was left
undisturbed for 2 min. After this time, CSs were administered identical to
those used during conditioning. The rat behavior was recorded by means
of a digital video camera. Freezing was defined as the complete absence of
somatic mobility, except for respiratory movements. For each animal,
the amount of time (in seconds) spent freezing during the first/last 2 s of
the first CS, the first CS, or all the CSs was measured off-line. Freezing
behavior was analyzed by two independent observers who were blind to
the animal groups (inter-rater and intra-rater reliabilities 90%). The
120 s period preceding the first tone was also scored to measure any
generalization of fear (pre-CS period). Recent or remote fearful memo-
ries were tested 1 d or 4 weeks after training, respectively.
In vivo local field potential (LFP) recordings and analysis. For recording
of extracellular field potentials in freely behaving rats, stainless steel wires
were implanted unilaterally (right side). Electrodes were built with five
stainless steel wires (A 150 m) to ensure mechanical stability of the
bundle (to obtain straight trajectory in the brain tissue). However, only
three of the five wires were connected to a 10-pin connector. Under deep
anesthesia, electrodes were stereotaxically implanted in BLA and Te2,
according to the following coordinates, in mm: BLA, AP2.7, L 5.0,
V 8.1; Te2, AP6.6, L 6.5 to 6.7, V 6.0; dorsal hippocampus
AP  2.7, L  2.0, V  3.0. A silver wire over frontal areas served as
reference and ground. All implants were secured using Ketacem cement.
After surgery, rats were allowed to recovery for 6 –7 d before testing. All
recordings were performed in a customized Faraday chamber. LFPs were
recorded and initially digitalized at 1 kHz and stored on a hard drive for
offline analysis. The LFPs were very similar across the three channels
belonging to the same bundle. For power spectral analysis, we therefore
used an average of two channels. For coherence and cross-correlation
analysis, we picked one channel randomly. LFP epochs were visually
examined, and power spectra of artifact-free segments were computed
using fast Fourier transforms by using the commercial software Neuro-
Explorer (Plexon). Mean power spectra were divided into five frequency
bands:  (0.5–3 Hz), low-theta (3.01–7 Hz), high-theta (7.01–12 Hz),
beta1 (12.01–20 Hz), and beta2 (20.01–30 Hz). To focus on the effects of
memory recall elicited by the tone in the different areas of interest, an
interval of 2 s at the onset of the first CS was analyzed for each animal.
Baseline was evaluated by averaging five 2 s epochs within the pre-CS
period. Relative power was calculated by dividing the absolute amplitude
within the aforementioned frequency ranges by the corresponding mea-
sures of total amplitude. Spectrograms were calculated using the software
NeuroExplorer within the 2–12 Hz range.
The coherence between LFP channels was measured by magnitude
squared coherence (MSC), using the function mscohere in Matlab signal
toolbox, which is a coherence estimate of the input signals x and y by
using Welch’s averaged, modified periodogram method. The MSC esti-
mate is a function of frequency with values between 0 and 1 and indicates
how well x corresponds to y at each frequency. Segments of 2 s duration
were split into 3 epochs with 50% overlap (Lapish et al., 2012). The MSC
estimate was calculated over the frequency range of 0.5–30 Hz for each rat
with a frequency resolution of 0.5 Hz. To test whether coherence values
were significantly higher than expected by chance, we performed a per-
mutation test in which coherence values were compared before inclusion
in additional analyses with a shuffle procedure in which epochs were
randomly shifted 5–10 s relative to each other. This process was repeated
1000 times to obtain the distribution of coherence expected by chance.
The originals coherence values were considered significant if 95% of
this randomly generated distribution (Na´cher et al., 2013). Baseline was
calculated by averaging three 2 s epochs within the pre-CS period. Dif-
ferences in coherence were obtained by subtraction of coherence values
(CS- pre-CS) and statistics were performed on the average difference in
coherence within the frequency bands of interest
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Cross-correlation algorithm was performed using the procedure
showed by Adhikari et al. (2010) on instantaneous amplitudes of field
potentials, determining the position of the correlation peak as an indica-
tor of information flow between two oscillating signals. The signal was
bandpass filtered between 3 and 7 Hz, using the Fieldtrip (Oostenveld et
al., 2011) function ft_preproc_bandpassfilter for zero-phase forward and
reverse filter with parameters type’fir’, dir’twopass’. The order of the
filter (N) was calculated by the function in relation to the length of the
trace and the sampling frequency. Analysis were performed on windows
of 2 s (N 665), the instantaneous amplitude of the filtered signals was
calculated taking the magnitude of the Hilbert transform of each signal,
these amplitudes were cross-correlated and the lag at which the cross-
correlation peak occurs was determined. A positive value of the lag indi-
cates that on average power changes in one region lead power changes in
the other, suggesting a predominant directionality in the circuit. The
cross-correlation between the instantaneous amplitudes of the LFPs
from BLA and Te2 (or hippocampus and Te2) was computed over lags
ranging from 100 ms to 100 ms. The significance of each cross-
correlation was verified before inclusion in additional analyses using a
bootstrap procedure: segments of signals, of the same length as the win-
dow to test, were randomly shifted relative to each other 1000 times
yielding a distribution of cross-correlation peaks expected by chance.
The original cross-correlation was considered significant if its peak value
was 95% of these randomly generated cross-correlation peaks (Ad-
hikari et al., 2010).
In vivo multiunit activity (MUA) recordings and analysis. MUA in BLA
was recorded using six stereotrodes per animal, contained in a 26-gauge
stainless steel guide cannula. Stereotrodes were built with tungsten wires
(A 12.5 m; California Fine Wire) connected to a 16 channels board
(EIB-16; NeuraLynx). The remaining two channels were connected to
stainless steel wires (A 150m) to record LFP activity in Te2. Under deep
anesthesia, electrodes were stereotaxically implanted according to the
above-cited coordinates. A silver wire over frontal areas served as refer-
ence and ground. All implants were dental cemented. For recording,
EIB-16 were connected to a headstage (Plexon), connected to a 16-
channel preamplifier (gain 100 bandpass filter from 300 Hz to 9 kHz
for MUA, Plexon). Spiking activity and LFP were digitized at 40 kHz.
Spikes above threshold (30 – 40 V) and clearly distinguishable from
background activity were considered as multiunit. Traces with noise or
artifacts were visually detected and excluded.
Data were imported into MATLAB (The MathWorks) for analysis. A
combination of custom-written scripts and the Circular Statistics Tool-
box (Berens, 2009) were used for the analyses. In detail, the phase of each
theta-filtered (3–7 Hz) sample was extracted from the Hilbert transform,
and each spike was assigned the phase of its correspondent field potential
sample. Phase-locking was quantified as the circular concentration of the
resulting phase distribution, which was defined as the mean resultant
length (MRL) of the phase angles. The MRL is the sum of the unit length
vectors representing the phases at which each spike occurred, divided by
the number of spikes. It therefore takes values between 0 (no phase-
locking) and 1 (perfect phase-locking). To analyze the directionality of
BLA multiunit phase-locking to Te2 theta, the spike times were lagged
relative to the theta filtered signal from100 to 100 ms, stepping by 20
ms, and the time of the peak MRL value was determined for each multi-
unit. Multiunits were determined to be significantly phase-locked using a
Bonferroni-corrected p value for the Rayleigh z test. The median of the
peak MRL times was compared with the null hypothesis of a zero time lag
using sign rank and determined to be significant for p 0.05. Peristimu-
lus time histograms were generated to CS sound multiunit activity by
analyzing the z-score 200 ms before and 400 ms after the stimulus onset.
Targeted pharmacological infusion of muscimol into the Te2. For exper-
iments involving muscimol infusion, rats were surgically implanted with
bilateral, chronic, intracranial stainless steel guide cannulae (4-mm-long,
26 gauge, Plastic One) aimed 2.1 mm above the Te2. Cannulae were
implanted at the following stereotaxic coordinates: 6.8 mm posterior to
bregma, 6.5 mm lateral to midline (Paxinos and Watson, 1986). The
cannulae were lowered below the skull surface at an angle of 19° to the
vertical in the coronal plane (medial to lateral). The cannulae were an-
chored to the skull by two anchor screws and dental cement. Once se-
cured, cannula dummies (Plastic One) were used to obdurate the guide
cannulae. Surgical procedures were similar to those mentioned earlier.
After postsurgical recovery (8 –10 d), injection cannulae (31 gauge) were
inserted through the guide cannulae. The injector was connected
through polyethylene tubing to a Hamilton syringe (10 l), which was
mounted on an infusion pump (Harvard Apparatus). Rats were infused
bilaterally with either vehicle (0.9% v/v NaCl, 0.5 l per side) or musci-
mol (0.5 l per side, 0.5 g/l in saline; Tocris Biosciences) at a rate of
0.25 l/min. After waiting for 1 min, the injection cannulae were taken
out to allow the drug to diffuse. After the completion of experiments,
cannulae placement was confirmed using standard histological methods.
The spread of muscimol action within the Te2 was also estimated quali-
tatively using fluorescently labeled muscimol (0.5 g/l in saline, 0.5 l
per side, Invitrogen).
Startle analysis. The acoustic startle response was measured as an in-
put– output function (Valsamis and Schmid, 2011) into a startle cham-
ber (SPSG). After an acclimation period of 5 min with a constant
background white noise of 50 dB, startle stimuli (1 s white noise) was
displayed every 20 s, starting at 57 dB. Startle stimulus intensity increased
between each stimulus until reaching 88 dB, resulting in 10 –30 trials with
startle stimuli (Sacco and Sacchetti, 2010).
Histology. The needle track in the case of muscimol injections and
electrode placements lesions was histologically verified at the end of the
experiments with Nissl staining, using the conventional procedure; the
spread of fluorescent muscimol was determined by observing mounted
slides in a stereo-microscope (Leica, MZ16FA) equipped with a fluores-
cent lamp (Hg, 100 W) and a digital camera (Leica, DFC360FX).
Statistical analyses. Student’s t test, one-way ANOVA, and Newman–
Keuls multiple-comparisons test were used for comparing freezing re-
sponses in the different behavioral groups. To assess electrophysiology
data, we used the nonparametric Kruskal–Wallis test followed by the
unpaired Mann–Whitney or paired Wilcoxon signed-rank test, depend-
ing on the analysis. Three-way ANOVA for repeated measures was used
for input– output auditory curves. Spearman correlation was used for
electrophysiological and behavioral correlations.
Results
Te2 and BLA interplay during recent and remote fearful
memory retrieval
As a first step, we investigated if and how the neural activity in the
BLA and Te2 changed during the retrieval of recent and remote
auditory threat memories. Memory retention was tested 24 h
(n  14) or 30 d (n  24) after training by measuring freezing
behavior before and during the presentation of CSs previously
paired with US (Sacco and Sacchetti, 2010). At both time inter-
vals, conditioned rats showed significant freezing responses com-
pared with naive animals (n 18), which had never received the
tone previously, and with unpaired animals (n  18) that were
exposed to explicitly unpaired presentations of the CS and US
(Table 1). One-way ANOVA showed differences among groups
in the freezing response during the first 2 s of the first CS (F(3,70)
 26.23; p  0.001). Student-Newman-Keuls revealed differ-
ences between conditioned 30 d and conditioned 24 h groups
with respect to naive and unpaired rats (p 0.05). Similar results
were obtained by analyzing freezing responses during the entire
period of the first CS (8 s; F(3,70) 18.59; p 0.001) and during
Table 1. Percentage of freezing to the CSa
CS1 (first 2 s) CS1 (8 s) 7 CSs CS1 (last 2 s)
Naive 11.9 4.8 10.4 4.2 19.6 2.6 16.1 6.8
24 h 52.0 6.5 57.1 3.1 68.8 2.1 70.3 6.6
30 d 45.9 4.2 46.4 5.2 61.3 2.4 71.4 7.4
Unpaired 5.5 1.8 19.6 6.3 21.6 5.5 23.3 7.7
Odor 41.8 6.6 43.2 10.3 68.3 3.2 72.1 8.6
Hippo-Te2 36.1 7.4 46.5 9.8 62.5 4.7 68.8 6.9
aValues are mean SEM.
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the total 7CSs (F(3,70)  58.03; 0.001). In these animals, LFPs
were recorded in Te2 and BLA (Fig. 1A,B). To minimize the
effects of several confounding factors that may occur during the
overall CS administration, such as second-order conditioning
due to the fear state in a new environment (Gewirtz and Davis,
2000) or even extinction mechanisms elicited by continued CS
presentation in the absence of the US, we circumscribed our anal-
ysis to the initial period of the first CS. An interval of 2 s at the
onset of the first CS was then analyzed for each animal. Relative
power was calculated by dividing the absolute amplitude
within the frequency bands  (0.5–3 Hz), low-theta (3.01–7
Hz), high-theta (7.01–12 Hz), beta1 (12.01–20 Hz), and beta2
Figure 1. Neural activity in BLA and Te2 during recent and remote fearful memory recall. Example of LFP traces recorded in BLA (A) and in Te2 (B) in a naive (top), 24 h (middle), and 30 d rat
(bottom) with their low theta (3–7 Hz) filtered signal superimposed (in red) around the first CS (vertical dotted line). C, D, The respective spectrograms around the onset (2 s before, pre-CS, and
during, CS) of the first CS (white dotted line). Red and orange arrows point to high- and low-theta activity, respectively. E, F, Theta activity changes are statistically different in both BLA (E) and Te2
(F ), when comparing LFPs of the CSwith pre-CS activity in naive rats (n 18) and in those retrieving recent (n 14) versus remote (n 24)memories at both low-theta (3–7 Hz) and high-theta
(7–12 Hz). No differences were found between naive and conditioned rats in the , beta1, and beta2 bands in all instances. All data are mean SEM. G, H, Location of electrode tips for LFPs
recordings in BLA (G) and in Te2 (H ), in the 30 d group. Both have on the right a representative histology of electrode tracks. Scale bars, 450m. A1, Primary auditory cortex; Ce, central amygdala;
CPU, caudate-putamen (striatum); ec, external capsule; Ent, entorhinal cortex; ic, internal capsule; La, lateral amygdala; LV, lateral ventricle; Me, medial amygdala; opt, optic tract; Pir, piriform
cortex; PRh, perirhinal cortex; Te2, secondary auditory cortex; V1 and V2, primary and secondary visual cortices. Plates are adapted from the atlas of Paxinos and Watson (1986). Te2 was defined
according to the atlas of Zilles (1985).
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(20.01–30 Hz) by the corresponding measures of total ampli-
tude during the pre-CS period. Animals retrieving recent or
remote memories showed significantly different CS-evoked
BLA and Te2 LFP power within both low- and high-theta
frequency bands (Kruskal–Wallis, p  0.05) but not in the,
beta1, or  2 bands (Kruskal–Wallis, p 0.05, not significant)
compared with naive rats (Fig. 1C–F ). In the theta range, we
found an increase in CS-evoked low-theta and a decrease in
high-theta power in both BLA (Fig. 1A,C,E,G) and Te2 (Fig.
1B,D,E,H ) at recent and remote memory recall (sign rank,
p  0.05). Our data are in line with previous studies showing
that low-theta activity is elicited in BLA and hippocampus
when animals are freezing during recall of a recent fear mem-
ory (Seidenbecher et al., 2003; Narayanan et al., 2007; Popa et
al., 2010), whereas high-theta activity is supposed to be a
prominent feature of the hippocampal LFP during exploration
(Buzsa´ki, 2002, 2006).
The BLA and Te2 are reciprocally anatomically connected
(McDonald and Jackson, 1987; Romanski and LeDoux, 1993),
and the similarity between theta changes in the BLA and Te2
suggests that LFPs from these areas may be highly synchronized.
Therefore, we examined whether changes in CS-evoked theta ac-
tivity were accompanied by an increase in coherence between
BLA and Te2 and whether such synchrony was recruited differ-
entially at various times after learning. In naive rats and in ani-
mals retrieving recent (24 h) and remote (30 d) memories, the
coherence between BLA and Te2 before and during the CS onset
was significantly higher than expected by chance (permutation
tests, p 0.05 in all instances; Fig. 2A–C). When comparing the
coherence during the CS onset with respect to the pre-CS, we
found higher levels of coherence in the remote fear memory recall
group (Fig. 2F), whereas recent recall resulted in coherence levels
that were similar to the naive group (Fig. 2D,E). Indeed, a signif-
icant difference among groups was observed in the 3–7 Hz range
(Kruskal–Wallis test, p  0.05; Fig. 2G) but not in the other
frequency ranges (Kruskal–Wallis test, p 0.05; Fig. 2H). Within
the low theta range, despite increased activity in both BLA and
Te2 detected 24 h after training, the coherence in this group
(median, 0.055) was not different with respect to naive rats (me-
dian, 0.026, Mann–Whitney test, p 0.05; Fig. 2G). Conversely,
in animals retrieving remote memories, the coherence between
Te2 and BLA in the low-theta range was significantly enhanced
(median, 0.168) with respect to both naive (Mann–Whitney test,
p 0.05) and 24 h groups (Mann–Whitney test, p 0.05), with
a maximal peak around the 4.5 Hz frequency (Fig. 2F).
These findings revealed that, 30 d after training, Te2 and
BLA activity is more synchronized at lower theta frequencies
than it is during the 24 h recall of recently formed memories.
Given that conditioned freezing was similar in animals tested
at recent and remote time points (Table 1), the change in
coherence detected only at the remote time point is not due to
a difference in behavioral state or sensitivity to the auditory
CSs. To better define whether such a Te2-BLA synchrony was
mainly related to associative mnemonic processes, we re-
peated our experiments in rats that were exposed to explicitly
unpaired presentations of the CS and US. At the same 30 d
recall time point, these animals did not show CS-elicited freez-
ing (Table 1) and theta synchrony in the low theta range (me-
Figure 2. Te2-BLA increased synchrony at remote threat-memory retrieval. Coherence between the BLA and the Te2 during the CS onset (filled line)with respect to baseline (pre-CS, dotted line)
in naive rats (A, n 18), in animals retrieving fearful memories 24 h (B, n 14) or 30 d (C, n 24) after training. Black line indicates the coherence expected by chance. D–F, The coherence
difference between the CS and the pre-CS period (	 Coherence) increases only in the 30 d group, with a peak at 4.5 Hz (F ), if compared with naive (B) or 24 h recall animals (D). Theta coherence
between Te2 and BLA is significantly higher during remotememory recall in low-theta range with respect to the naive and the 24 h groups (G), but not in the other frequency ranges (H ). Each dot
is a single animal. Black line indicates the median value.
Cambiaghi et al. • Te2 Drives BLA during Remote Fear Memory Recall J. Neurosci., February 3, 2016 • 36(5):1647–1659 • 1651
dian,0.044) did not differ from that of
naive rats (Mann–Whitney test, p 
0.05; Fig. 3A,B,G). In addition, we per-
formed a similar analysis in animals
conditioned to odor CSs (n  11), a
process in which the Te2 is not involved
(Sacco and Sacchetti, 2010). This group
displayed conditioned freezing to the
odor CSs (Table 1) but no evidence of
increased low theta coherence in the
Te2-BLA circuit (median, 0.093) com-
pared with naive rats (Mann–Whitney
test, p 0.05; Fig. 3C,D,G). To investi-
gate whether the increased functional
connectivity was circumscribed to the
neural network specifically engaged by
cued memory processes, we measured
the coherence between Te2 and the dor-
sal hippocampus, a region necessary for
contextual, but not auditory, fear mem-
ory (Kim and Fanselow, 1992; Sacchetti
et al., 1999; LeDoux, 2000). Despite the
high level of conditioned freezing to
the CSs in conditioned rats (Table 1),
the Te2 and hippocampus did not show
any increase in CS-evoked coherence
during remote auditory memory recall
(n  9; median, 0.055; Mann–Whitney
test, p  0.05; Fig. 3E–G).
Collectively, these findings indicate
that during the retrieval of remote, but
not recent auditory fear memories, the
Te2 and BLA become highly synchronized
in the low-theta (3–7 Hz) frequency range
and that this Te2-BLA increase in syn-
chrony is cue and area specific. Critically,
because these two areas were not synchro-
nized shortly after training, theta syn-
chrony at the remote time point suggests
functional connectivity stemming from
memory consolidation.
Te2-BLA directionality during remote fear memory retrieval
We next addressed the crucial question of the direction, if any, of
information transfer between the BLA and Te2 during memory
retrieval. Are emotional memories stored both at the level of
cortex and the BLA, and do these structures communicate recip-
rocally during remote memory recall? Or, alternatively, is one of
these sites conveying signals to the other structure? To address
this issue, we recorded Te2 and BLA LFP oscillations for a cross-
correlation of power analysis (Adhikari et al., 2010, 2011; Likhtik
at al., 2014). We analyzed the position (or “lag”) of the power
correlation peak; a positive value of the lag indicates that on
average power changes in one region lead power changes in the
other, suggesting a predominant directionality in the circuit (Ad-
hikari et al., 2010, 2011; Likhtik at al., 2014). Notably, variability
in power does not affect the directionality estimate, and the cross-
correlation lag has been shown to be robust to different levels of
the signal-to-noise ratio between signals (Adhikari et al., 2010).
Given that oscillations in the low-theta range showed the most
prominent stimulus-processing related power and coherence
changes, LFPs measured during the initial remote memory recall
were bandpass filtered for low-theta (see Materials and Meth-
ods). From a total of 24 rats, a time-lag analysis of peak cross-
correlation activity revealed that 62.5% of the animals (n 15 of
24) showed a predominant Te2-to-BLA lead in activity during CS
retrieval (Fig. 4A–E), whereas 8.3% (2 of 24) showed a BLA-to-
Te2 lead in activity and 29.2% (7 of 24) did not have a predomi-
nant directionality of information flow (Fig. 4E). Overall, from
the 17 of 24 animals that showed a significant lead in any direc-
tion (15 Te2-to-BLA and 2 BLA-to-Te2), initial recall of remote
memories was dominated by a Te2-to-BLA directionality of in-
formation transfer, with a significant median time lag of 10.66 ms
(sign-rank, p 0.01; Fig. 4C). Collectively, these data suggest that
the recall of well-stored fearful memories first recruits the sensory
cortex, which subsequently conveys the signal to the BLA.
Next, we were interested in the behavioral significance of in-
creased Te2-to-BLA communication during CS retrieval. To this
end, we plotted the latency to display conditioned freezing as a
function of the percentage of time the Te2 led the BLA during the
onset of the first CS (first 2 s of CS). Intriguingly, we found that
increased Te2-to-BLA directionality during CS recall signifi-
cantly correlated with a faster latency to freeze to the CS (Spear-
man correlation; p  0.001) (Fig. 4F). Notably, this correlation
Figure 3. Coherence is specific for remote CS memory recall between Te2 and BLA. Coherence values are similar during the CS
and the pre-CS in unpaired rats (A, n 18), in animals recalling an odor CS (B, n 11), and between Te2 and hippocampus 30 d
after tone conditioning (C, n 9). Black line indicates the coherence expected by chance. The coherence difference between the
CS and the pre-CS period (	 Coherence) does not differ in all the observed groups (D–F ) for all the frequency ranges (G). Each dot
is a single animal. Black line indicates the median value.
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was still significant if the longest latency (7.9 ms) data point was
removed (N  23, r  0.59, p  0.0028, data not shown). In
contrast, the percentage of time the Te2 led the BLA did not
significantly correlate with the percentage freezing elicited by the
first CS (Spearman correlation, p 0.05; Fig. 4G). The data sug-
gest that Te2 conveys signals to the BLA, which determine ani-
mals’ capacity to recognize aversive CSs and therefore to respond
rapidly with defensive behaviors. Conversely, Te2-to-BLA infor-
mation transfer does not determine the overall strength of the
expressed fear behavior, a process that may rely on other cortical
and thalamic inputs to the amygdala network (Courtin et al.,
2014; Herry and Johansen, 2014; Likhtik at al., 2014; Likhtik and
Paz, 2015).
To further probe the role of Te2-BLA interactions in memory
recall, we analyzed Te2-BLA activity once the memory had been
already retrieved (i.e., during the last 2 s of the first CS presenta-
tion). Compared with naive and unpaired animals, conditioned
rats still evidenced a high level of freezing response during this
later period (F(2,57)  21.90; p 0.001) (Table 1). Moreover, in
the 30 d group, LFP CS-evoked theta power was similar to that
recorded during the first 2 s for both BLA (1.29 0.11 vs 1.36
0.24 Wilcoxon matched-pairs signed rank test; p 0.05) and Te2
(1.46 0.18 vs 1.33 0.17 Wilcoxon matched-pairs signed rank
test; p 0.05). However, theta coherence during the last 2 s of the
first CS was similar among naive (Fig. 5A,B), unpaired (Fig.
5C,D), and conditioned (Fig. 5E,F) rats (Kruskal–Wallis, p 
0.05; Fig. 5G). Thus, in the same animals (30 d retrieval group),
Te2-BLA theta coherence increased during the initial process of
remote memory retrieval (i.e., during the first 2 s of the first CS)
but not at the end of the same CS (sign-rank, p 0.05; Fig. 5H).
Further supporting the specific involvement of Te2 in the initial
stages of remote memory recall, power cross-correlation analyses
of low theta power changes between the two areas showed that
Te2 leads the BLA three times more in the first 2 s of the CS
Figure 4. Te2-to-BLA information flow characterizes remote threat memory retrieval. Power cross-correlation analysis was performed within the 3–7 Hz range. A, Example of filtered LFPs
illustrating the power cross-correlation lag analysis during the first 2 s of the first CS. Arrows go from the leading (red) to the lagging (blue) area. B, Example of BLA-Te2 low-theta power
cross-correlation during remotememory recall. The cross-correlation peaks at a positive lag, indicating that changes in low-theta power occur first in Te2 and then in BLA. C, Scatter plot showing the
distribution of lags at the maximal cross-correlation of LFP power during remote memory retrieval (n 17: 15 with Te2 leading and 2 with BLA leading activity). Red and blue lines indicate mean
andmedian, respectively.D, Fine-scale switches in power cross-correlation lags; example showing that the CS onset is associatedwith an increased percentage of Te2 leading activity. E, Percentage
of animals where the Te2 leads the BLA (n 15 of 24), compared with BLA leading the Te2 (n 2), or animals with no significant lead (n 7). F, G, The percentage of time Te2 leads BLA within
first CS onset correlateswith the latency to display freezing behavior during the first CS presentation (F ), but notwith the overall amount of freezing during the first CS (G). Each black dot represents
a single animal (n 24).
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compared with the last 2 s of the CS
(62.5% vs 20.8% of the time, Fig. 4E com-
pared with Fig. 5I). Notably, the percent-
age of time the amygdala led the Te2 did
not change between the first and last 2 s of
the CS (8.3% and 8.4% of the time, re-
spectively; Figs. 4E, 5I, blue).
Te2-BLA synchrony reflects local
activity in Te2 and BLA regions
LFP represents a suitable method to get
important insights into memory pro-
cesses that likely result from integrative
population activity (Buzsa´ki et al., 2012;
Barbieri et al., 2014). However, LFP re-
cordings are susceptible to volume con-
duction, raising questions as to the origin
of theta frequency oscillations detected
during recall. The lack of hippocampal-
Te2 synchrony during recall suggests that
Te2-BLA theta synchronization, when
present, is not due to contamination by
volume-conducted signals from distant
sites or signals in the reference wire. How-
ever, volume conduction could still be an
issue for BLA recordings, particularly be-
cause it is adjacent to the perirhinal
cortex, which is part of the auditory pro-
cessing stream (Romanski and LeDoux,
1993; Sacchetti et al., 1999; LeDoux,
2000). We therefore recorded MUA in the
BLA in a subset of conditioned (n  11)
and unpaired (n 7) animals to eliminate
volume conduction as a potential con-
found. In comparison with rats that heard
unpaired stimuli, BLA spikes in condi-
tioned animals were better phase-locked
to the ongoing Te2 theta signal, and
tended to occur more frequently near the
trough of the Te2 theta oscillation (Fig.
6A,B), as assessed by the MRL statistic
(Fig. 6C), a measure of circular concentra-
tion (Likhtik at al., 2014). When consid-
ering all the analyzed animals regardless of
whether their BLA firing was significantly phase-locked to the
Te2, the fold change in the MRL of MUA phase-locking in con-
ditioned rats at the remote time point was statistically different
from 1 (2.01 0.33, sign-rank, p 0.05) and from the unpaired
rats (1.13  0.3, sign-rank, p  0.05) (Fig. 6C). Similar results
were obtained when considering only the electrodes where MUA
was significantly phase-locked to the Te2 (n 9 and n 3 in the
30 d and unpaired groups, respectively; Fig. 6C, inset). Collec-
tively, these findings support the view that enhanced synchroni-
zation of the Te2-BLA circuit is due to a Te2-BLA interaction and
not to inputs from other regions. Moreover, they are consistent
with the coherence data, reinforcing the notion that the BLA and
Te2 work together to dynamically retrieve learned threat signals.
We then inferred the temporal relationship of Te2-BLA con-
nectivity during CS presentations by determining the lag at which
phase-locking of BLA multiunits to Te2 low-theta tends to be
maximal (Likhtik at al., 2014). In conditioned rats, we found that
BLA MUA showed a statistically significant Te2 lead in activity
(sign rank, p  0.05), suggesting a predominant Te2-to-BLA
directionality, again consistent with the LFP findings (Fig.
6D–F).
Te2 local activity is required for BLA CS-evoked activity and
for remote fear memory retrieval
So far, our evidence has mainly been correlative. It remains un-
known whether Te2 plays a causal role in leading BLA activity
during emotional memory retrieval. To address this issue, we
tested whether the inactivation of Te2 during the recall of remote
fearful memories affects BLA activity. Te2 was inactivated
through the local injection of the GABAA (GABA)-receptor ago-
nist muscimol (0.5 g/l, 0.5 l bilaterally) (Martin and Ghez,
1999; Letzkus et al., 2011) 1 h before remote memory recall. The
spread of muscimol within the Te2 was estimated qualitatively
using fluorescently labeled muscimol (Letzkus et al., 2011) (Fig.
7A), although the fluorescent molecule is larger than the mole-
cule of muscimol and therefore the extent of the effective spread
may be underestimated. When compared with conditioned
saline-injected and unpaired animals, conditioned muscimol-
injected rats showed strongly reduced fear levels (Fig. 7B–D).
Figure 5. Te2 and BLA coherence is specific to the tone onset. A–F, Naive (n 18), unpaired (n 18), and 30 d (n 24)
animals do not show an increased coherence during the last 2 s of the first CS with respect to baseline. Black line indicates the
coherence expected by chance. G, Within the low-theta range, the different groups show similar changes. Black line indicates the
median value.H, In the 30 d group, low theta range coherence shows amarked reduction during the first and last 2 s of the first CS
(red represents average values) and the vast majority of animals exhibited no significant leading activity between Te2 and BLA (I,
compare with Fig. 4E).
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During the onset of the first CS, one-way ANOVA revealed sig-
nificant differences in freezing among groups (F(2,26)  27.51,
p 0.0001). The Newman–Keuls post-test indicated differences
between conditioned freezing in saline-injected animals (n 11)
and the other groups (p 0.001), but not between conditioned
freezing in muscimol-injected (n 11) rats and in the unpaired
group (n 7) (p 0.05) (Fig. 7B). Similar results were detected
in the percentage of freezing expressed during the entire 8 s of the
first CS (F(2,26)  26.65, p  0.0001; Fig. 7C) and when consid-
ering all of the 7 CSs (F(2,26) 30.33, p 0.0001; Fig. 7D). These
data suggest that the Te2 stores memory information that is cru-
cial for remote retrieval. Another alternative is that Te2 inactiva-
tion could produce impaired sensory perception, thereby
adversely impacting the transmission of auditory information to
the BLA. To investigate this possibility, we analyzed the auditory
input– output curve by obtaining startle responses as a function of
auditory stimulus intensity (dB) (Valsamis and Schmid, 2011).
Three-way ANOVA revealed no differences among groups (F(2,19)
0.47; p 0.05) before and after injection (F(2,16) 0.09; p 0.05)
(Fig. 7E). The acoustic stimuli used in the startle paradigm differed
from those presented in the fear conditioning experiments (a white
noise vs a pure tone). Therefore, we verified the impact of Te2 inac-
tivation on remote fear memories produced by the association of
white noise CSs with footshock (US). Again, muscimol-injected
rats showed amnesia, as shown by the low percentage of freez-
ing response during the first CS (8 s; t test, p 0.05) (Fig. 7F )
and during the total CSs (t test, p  0.01) (Fig. 7G).
We then analyzed BLA activity in the muscimol-injected rats
as well as in conditioned saline-injected animals and in the un-
paired group. Peristimulus time histogram of the BLA MUA
showed that only fear conditioned rats had a CS-driven increase
in BLA firing rates (sign rank, p 0.01), whereas the muscimol-
injected animals and the unpaired rats did not differ from each
other (sign rank, p  0.05) (Fig. 7H, I). Collectively, these data
indicate that Te2 blockade impairs remote memory retrieval and
prevents any recall-evoked activity in BLA. Indeed, in this condi-
Figure 6. BLAmultiunits are phase-locked to Te2 LFP during fearful memory recall. A, Example of a raw (black) and theta-filtered (blue) Te2 LFP trace with recorded MUA in BLA for 30 d group
(top,n 11) andunpaired group (bottom,n 7).B, Distribution andmean (black arrow) of theta phases for the same recordings. C, Fold change in the strength ofMUAphase-locking in 30 d (n
11) and unpaired (n 7). Inset, Fold change with significant units only (n 9 and n 3, respectively). D, Distributions of lags at which peak phase-locking occurred, for significant units only
(n 9). Red and blue dashes indicate mean and median, respectively. E, Location of electrode tips for MUA recordings in BLA (n 11). F, Representative histology of electrode tracks.
Scale bar, 400m.
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tion, CS-evoked BLA firing did not differ from that of unpaired
rats.
Discussion
Here we investigated the dynamic interaction between BLA and
Te2 during the course of recent and remote memory retrieval. To
this end, we performed simultaneous recordings of LFPs and
MUA in both sites 24 h and 1 month after auditory fear condi-
tioning. Although animals displayed conditioned freezing at
both time points and both structures showed learning-evoked
changes, BLA and Te2 interacted significantly only at the remote
time interval. At late recall, Te2 entrained theta oscillations and
neural firing in the BLA and the percentage of time that the Te2
led the BLA predicted the animals’ ability to recognize auditory
stimuli as aversive. This interplay is strictly related to the initial
phase of memory retrieval because it is not present once the CS
has been retrieved as an aversive stimulus. Finally, in the absence
of this connectivity, BLA did not display any CS-related activity
and was unable to support memory retention. We concluded that
Te2-to-BLA information transfer serves to selectively retrieve the
Figure7. Localactivity inTe2 isnecessary forCS-evokedactivity in theBLAandfor remotethreatmemoryretrieval.A, Exampleof fluorescentmuscimoldiffusion inTe2.Scalebar,500m.B–D, Percentage
freezing during remotememory recall in an unpaired group (n 7) and in fear conditioned rats that received injections of saline (n 11) or the GABA-A receptor agonist muscimol (n 11) in the Te2. E,
Input–outputauditory curves showing theaverage startle amplitudes (arbitraryunits) atdifferentauditory stimulus intensities (dB)measured thedaybefore (DAY1)and thedayaftermuscimolor saline (DAY
2)injections.F,G,Administrationofmuscimol intotheTe21hbeforeremotememoryrecall impairedmemoryretentionofwhitenoises(WN)CSs.G,AlldataaremeanSEM.H,ExampletracesofBLAresponses
in conditioned animals that received saline (top) ormuscimol (middle) administration and the unpaired group (bottom). I, Z-scored population peristimulus time histograms in the three groups. BLAMUA in
conditioned ratswas statistically different fromunpaired andmuscimol-injected rats,whereas the latter twogroups did not differ fromeach other.
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association between auditory stimuli and their learned emotion-
al/motivational consequences and that BLA contribution to re-
mote emotional memories processing is due to its functional
connectivity with sensory cortices.
Time-dependent changes in the neural circuits mediating
fearful memory retrieval
During the retrieval of recent threat memories, both BLA and Te2
displayed learning-evoked changes in LFP power. Concerning
BLA, the data are in line with previous findings showing that BLA
activity changed 24 h after learned fear (Quirk et al., 1995; Rogan
et al., 1997; Schafe et al., 2005) and that BLA low-theta activity
increases following fear conditioning (Seidenbecher et al., 2003;
Narayanan et al., 2007; Popa et al., 2010). Concerning the audi-
tory cortex, its participation in the early stages of fear memory
processing is poorly understood (Grosso et al., 2015a). Several
studies showed that the activity of the auditory cortex is changed
shortly after learning (Quirk et al., 1995; Weinberger, 2004, 2011;
Peter et al., 2012; Weible et al., 2014). Moreover, fear condition-
ing to a complex auditory CS required the auditory cortex during
training (Letzkus et al., 2011; Peter et al., 2012; Weible et al.,
2014). On the other hand, our previous study reported that le-
sions of Te2 did not affect recent memory retrieval of simple
auditory CSs (Sacco and Sacchetti, 2010). More recently, how-
ever, we reported that inactivation of Te2 24 h after training
impaired remote but not recent fear memories of simple auditory
CSs (Grosso et al., 2015b). Based on the present findings, we
suggest that the Te2 is involved, although not necessary, in the
early processing of learned emotionally charged stimuli. Hence,
early after training, there should be other pathway(s) that can
support recent memory retention independently of the sensory
cortex. In keeping with this idea, there was no evidence of any
significant interplay between Te2 and BLA at this early time
point. Possible candidate circuits for this behavior include tha-
lamic afferents to BLA, which several studies have shown to be
essential for recent fear memory retention (LeDoux, 2000; Tami-
etto and de Gelder, 2010; Weinberger, 2011) and also the cere-
bellar cortex, which is involved in threat memory (Sacchetti et al.,
2002, 2004; Scelfo et al., 2008) through an interaction with BLA
(Zhu et al., 2011). Conversely, during the recall of remote fearful
memories, the neuronal activity of BLA and Te2 becomes highly
synchronized in the theta frequency range. This synchrony is not
due to the freezing response or auditory stimuli perception and
processing, being all factors similarly present during recent and
remote memory retrieval. Thus, it represents a functional con-
nectivity, likely stemming from long-term memory consolida-
tion processes. These data support the view that fear memories
undergo a prolonged consolidation process that strongly rewires
the neural circuits mediating memory storage and retrieval
(Sacco and Sacchetti, 2010; Do-Monte et al., 2015). Furthermore,
these findings provide strong evidence that the consolidation
process leads to a preponderant Te2-to-BLA directionality dur-
ing memory recall (i.e., it endows the sensory neocortex with the
ability to drive subcortical nuclei, like the amygdala, during
learned affective stimulus retrieval). In other words, these data
suggest that BLA participation in remote threat memories is de-
pendent on information stored in the cortex and that other in-
formation, if any, encoded at the subcortical-to-BLA pathway are
not sufficient per se to activate BLA neurons in the presence
of learned threatening signals. This result is at odds with the ov-
erarching “standard hypothesis” that sensory inputs to the
amygdala come from both the thalamus and the sensory neocor-
tex (LeDoux, 2000; Tamietto and de Gelder, 2010) and that fear
conditioning to a simple auditory CS can be mediated by either of
these pathways (LeDoux, 2000; Tamietto and de Gelder, 2010).
Such a subcortical connectivity may be essential for recently
formed threat memories, a time interval in which Te2 and BLA
did not show a significant synchrony, but it cannot permanently
support affective memories per se (Pessoa and Adolphs, 2010).
Te2-to-BLA connectivity plays an essential role in the
retrieval of the learned CS-US association
The other important aspect of this work is related to the behav-
ioral function of Te2-to-BLA connectivity. We found that the
percentage of time that the Te2 led the BLA correlated with a
faster latency to freeze to the CS. These data suggested that infor-
mation encoded in the Te2 through its connections to the BLA
serves to selectively retrieve the association between sensory stim-
uli and their emotional/motivational consequences. Alterna-
tively, it may also be that such a connectivity serves to recognize
salient CSs independently of their valence. However, a recent
study showed that Te2 is necessary for the encoding of the valence
rather than the salience of auditory CSs (Grosso et al., 2015b). In
keeping with our interpretation, previous studies have shown
that in monkeys the neuronal firing of auditory cortex provides a
representation of reward feedback by reflecting both the reward
expectancy and the reward-size received (Brosch et al., 2011).
Furthermore, Te2 activity patterns predict behavioral responses
in a conditioned task (Villa et al., 1999). Moreover, changes in the
neuronal activity of auditory cortical neurons predicted behav-
ioral performance (Jaramillo and Zador, 2011) and convey sig-
nals to the striatum that drive behavioral choices during an
auditory discrimination task (Znamenskiy and Zador, 2013). In
humans, the blood oxygen level-dependent signal to learned
frightening stimuli persists in the auditory association cortex
throughout all sessions, as “a way to keep the possible threat of
this stimulus highlighted” (Apergis-Schoute et al., 2014).
Intriguingly, Repa et al. (2001) reported that during fear con-
ditioning there are neurons in the dorsal portion of the lateral
amygdale, which changed their firing rapidly but only transiently,
whereas in the ventral part of the lateral amygdala cells had longer
latency responses but maintained enhanced responding through-
out training and even through extinction. The authors proposed
that the latter type of neurons is involved in the storage of fear
memories (Repa et al., 2001). Given that our recordings were
mostly done from the ventral part of the lateral amygdala, Te2-
to-BLA connectivity may refer to such amygdalar neurons in-
volved in the storage of fear memories. Remarkably, we also
found that, in the absence of such cortical information, BLA neu-
rons were unable to distinguish between frightening and neutral
cues. Hence, BLA contributions to the retrieval of learned affec-
tive significance of sensory stimuli depend on their functional
connectivity with higher-order sensory cortices. Conversely, we
did not find any correlations between the percentage of Te2-to-
BLA leading and the overall strength of the expressed fear behav-
ior. Thus, this functional interplay does not serve to regulate fear
expression toward sensory cues. Indeed, the regulation of fear
behaviors to both innate and learned stimuli requires the pre-
frontal cortex (Courtin et al., 2014; Herry and Johansen, 2014)
and its connections to BLA (Adhikari et al., 2011; Likhtik et al.,
2014; Do-Monte et al., 2015; Likhtik and Paz, 2015). The
amygdala may therefore represent the receipt of different infor-
mation that is stored over time in distinct cortical sites, such as
prefrontal and sensory areas, which play complementary but dif-
ferent functions.
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